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Abstract

Lungs are constantly exposed to environmental perturbations and
therefore have remarkable capacity to regenerate in response to
injury. Sustained lung injuries, aging, and increased genomic
instability, however, make lungs particularly susceptible to
disrepair and fibrosis. Pulmonary fibrosis constitutes a major
cause of morbidity and is often relentlessly progressive, leading to
death from respiratory failure. The pulmonary vasculature, which
is critical for gas exchanges and plays a key role during lung
development, repair, and regeneration, becomes aberrantly
remodeled in patients with progressive pulmonary fibrosis.

Although capillary rarefaction and increased vascular
permeability are recognized as distinctive features of fibrotic
lungs, the role of vasculature dysfunction in the pathogenesis of
pulmonary fibrosis has only recently emerged as an important
contributor to the progression of this disease. This review
summarizes current findings related to lung vascular repair and
regeneration and provides recent insights into the vascular
abnormalities associated with the development of persistent lung
fibrosis.
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The lung is a highly vascularized organ with a
vital role in respiration and gas exchange. The
pulmonary vasculature consists of arterial and
venous trees connected by an extensive
network of capillaries lining the alveoli, the
gas-exchanging units of the lung (1). In
addition to regulating oxygen exchange and
vascular permeability, pulmonary endothelial
cells (ECs) deploy specific paracrine signaling
molecules (i.e., angiocrine factors) to
orchestrate lung homeostasis, regeneration,
and repair after injury (2). Disruption of
endothelial homeostasis due to stressful
stimuli or during aging results in endothelial
dysfunction that facilitates the progression of
numerous chronic lung diseases, including
pulmonary fibrosis (3).

Pulmonary fibrosis is a disease
characterized by pathologic lung scarring

leading to progressive respiratory failure and
death (4). Pulmonary fibrosis belongs to a
group of chronic lung disorders characterized
by abnormalities of the lung interstitium
known as interstitial lung diseases (ILDs).
Idiopathic pulmonary fibrosis (IPF) and
systemic sclerosis–associated pulmonary
fibrosis are themost common and severe
forms of ILD, with estimated prevalences of
8.2 and 12.1 cases per 100,000, respectively.
IPF is an aging-associated disease, with
90–100% of patients exhibiting progressive
fibrosis (5) and amedian survival duration of
3–5years after diagnosis (6). Therapeutic
options are limited andmainly rely on drugs
that slow the progression of the disease rather
than block it (6). IPF is characterized by the
progressive accumulation of activated
fibroblasts (myofibroblasts), which are

responsible for the excessive extracellular
matrix (ECM) deposition and increased
stiffening of the lung parenchyma (7–10).
Myofibroblasts communicate with other
resident lung cells and receive pathogenic
signals during the fibrogenic process, which
ultimately contributes to the pathogenesis
of IPF.

Although the majority of studies have
focused on epithelial cells, fibroblasts, and
immune cells as critical players in the
pathogenesis of IPF, the role of the
pulmonary vasculature in the progression
of this disease has only recently begun to
emerge. In this review, we provide a
comprehensive summary of the current
knowledge of the physiopathology of the
pulmonary vasculature in the context of
lung injury, repair, and fibrosis.
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Anatomy of the Pulmonary
Vasculature
The lung is supplied by two blood
circulations, the bronchial circulation and the
pulmonary circulation (11). The bronchial
circulation, which is part of the systemic
circulation, is a high-pressure and low-
capacitance system responsible for delivering
oxygen to the bronchial tree and disposing of
its metabolic waste products. The bronchial
circulation is therefore not involved in blood
oxygenation (11). The pulmonary
circulation, on the contrary, is a low-pressure
and high-capacitance system that provides a
large surface area for gas exchange in the
alveolar air spaces (11). It originates from
the pulmonary artery, which transports the
entire cardiac output from the right ventricle
to the lungs for oxygenation of circulating
blood and removal of carbon dioxide. The
main pulmonary artery bifurcates into two
main branches, right and left, which further
branch into medium and small arteries,
arterioles, and finally an extensive network of
alveolar capillaries. The capillaries are
drained by postcapillary venules and veins of
increasingly larger size, which finally form
the pulmonary veins that carry oxygenated
blood to the left atrium of the heart (12). A
healthy, intact network of alveolar capillaries
is critical to provide the maximum surface
required for optimal gas exchange.

The process of gas exchange takes place
in the alveoli, which are surrounded by a
dense network of capillaries (13). The
alveolar walls are composed of an epithelial
layer, facing the alveolar air space, and an
endothelial layer, which lines the capillary
lumen (13). A thin basement membrane
composed of extracellular proteins, mainly
type IV collagen and laminin, separates these
two layers and brings them close through
adhesive mechanisms to facilitate efficient
gas exchange (14). Even thoughmost studies
have focused on the alveolar epithelium and
its contribution to lung homeostasis, repair,
and fibrosis (15–17), recent investigations
have shed new light on the crucial role
played by the alveolar capillaries in response
to lung injury (18–20), highlighting the
importance of the capillary ECs as
orchestrators of wound healing responses.

Lung Endothelial
Heterogeneity
Although the vascular endothelium has long
been considered a homogeneous cell layer,

there is now increasing appreciation that it is
instead very heterogeneous in structure and
function (21). Vascular heterogeneity exists
between ECs in different organs, as well
as in ECs located in different vascular
segments of the same organ (21). ECs along
the arterial–capillary–venous axis exhibit
remarkable differences and can differently
adapt to homeostatic and pathogenic
stimuli (22, 23). Although anatomical
distinctions have been recognized between
different lung vascular beds, specific
endothelial transcriptional signatures that
comprehensively define the heterogeneity
of the pulmonary vasculature have been
largely unknown.

In the context of the lung, the use of
single-cell RNA sequencing (scRNA-seq)
technology combined with imaging and
lineage-tracing studies in mice has
revealed that the pulmonary vasculature is
characterized by a remarkable transcriptional
heterogeneity (18, 20, 24). For example,
recent studies have identified two different
subsets of pulmonary capillary ECs with
distinct morphological and transcriptional
features to serve distinct lung functions.
Gillich and colleagues named these newly
identified pulmonary capillary ECs “aCap

ECs” (i.e., aerocytes) and “gCap ECs” (i.e.,
general capillaries) (18) (Figure 1). The two
EC subtypes were also found within human
alveolar capillaries (18), and these findings
were recently confirmed by Schupp and
colleagues (25), suggesting that this
endothelial specialization is conserved
across mouse and human lungs.

The aCap ECs, which are unique to the
lung, are specialized in gas exchange and
leukocyte trafficking. They are large cells
(spanning.100μm) with extensive cellular
projections that establish contact with
multiple alveoli. aCap ECs are localized in
the thin regions of the gas-exchange surface
in close contact with alveolar type 1 (AT1)
cells, through which oxygen diffusion occurs.
Transcriptionally, aCap ECs express a
distinct set of genes encoding for proteins
implicated in gas exchange, such as Car4
(Carbonic Anhydrase 4) (18, 24), and
leukocyte trafficking, such as Icam1
(Intercellular AdhesionMolecule 1) (18).
In addition, aCap ECs express genes
important in angiogenesis, includingApln
(Apelin receptor ligand), Kitl (kit ligand),
and Kdr (Kinase Insert Domain Receptor;
encoding for VEGFR2, vascular endothelial
growth factor receptor 2) (18).

Figure 1. Lung endothelial heterogeneity. Two distinct subsets of pulmonary capillary
endothelial cells (ECs), named aCap ECs (aerocytes) and gCap ECs (general capillary),
characterize the pulmonary vasculature. The aCap ECs are unique to the lung and are
localized in the thin regions of the gas-exchange surface in close contact with type 1 alveolar
cells, through which oxygen diffusion occurs. The gCap ECs, localized in the thick regions of
the alveoli, serve as specialized stem/progenitor cells that give rise to gCap ECs and aCap
ECs in response to injury and during normal homeostasis.
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The gCap ECs share numerous
similarities with ECs from capillary beds of
other organs. gCap ECs regulate vascular
tone and serve as specialized stem/progenitor
cells that give rise to gCap ECs and aCap ECs
in response to injury and during normal
homeostasis (18). gCap ECs are smaller than
aCap ECs, spanning less than 40μm, with few
cytoplasmic extensions that form intimate
connections with cells of the interstitial space,
including interstitial fibroblasts and pericytes.
gCap ECs also express genes related to
lipid metabolism, such asGpihbp1
(Glycosylphosphatidylinositol Anchored
High Density Lipoprotein Binding Protein 1),
and vasomotor control, including Edn1
(endothelin 1) and endothelialNos3
(Nitric Oxide Synthase 3). Genes encoding
for membrane receptors implicated in
angiogenesis, includingAplnr (apelin
receptor),Kit, and Tek (Tek receptor kinase,
also known as Tie2 or angiopoietin-1
receptor) are also highly enriched in gCap
ECs (18).

Based on their transcriptomes, aCap
and gCap ECs are predicted to cross-talk and
also signal with nonendothelial cells of the
alveolar wall. Indeed, aCap ECs produce
Apln and Kitl ligands recognized by the
Aplnr and Kit receptors on gCap ECs,
whereas gCap ECs produce Edn1, which can

be recognized by endothelin receptor type B
(Ednrb) on aCap ECs and endothelin
receptor type A (Ednra) on pericytes (18).
Other studies demonstrated that Car4-high
ECs respond to VEGF (vascular endothelial
growth factor) signaling derived from
neighboring AT1 cells during formation and
postnatal maintenance (24) and in the setting
of acute lung injury (20).

To understand whether the different
transcriptional profiles of the identified EC
subpopulations result in different functions,
Gillich and colleagues combined a series of
elegant in vivo experiments performed
using a mouse model of lung emphysema
and demonstrated that gCap ECs proliferate
and are essential to orchestrate capillary
repair following elastase-induced lung
injury (18). In another work, Niethamer and
colleagues found increased Car4-high ECs
in areas of alveolar damage after influenza
or bleomycin injury, suggesting that this EC
subtype may be responsible for regeneration
of injured lung (20).

Although these studies are not
conclusive, they provide the foundation for
future investigations aimed at elucidating the
contribution of different EC subpopulations to
lung wound healing and the development of
new therapies for the treatment of lung disease
caused by a defective response to injury.

Role of the Pulmonary
Vasculature in Lung Repair

It is well recognized that capillary ECs do not
just form the lining of small vascular tubes,
but they also influence adjacent cells through
the secretion of paracrine factors, known as
angiocrine factors (2, 26, 27). These
endothelial-derived secreted molecules
actively participate in organ homeostasis,
repair, and regeneration after injury in
multiple organs (28–30), including the lung
(2, 27) (Figure 2).

Studies in mice have shown that
pulmonary ECs promote lung repair in
response to injury by supporting the
differentiation of resident stem cells of the
lung. For example, an elegant study by Lee
and colleagues showed that lung ECs
promote differentiation of the
bronchioalveolar stem cells (BASCs), a
population of epithelial stem cells of the
distal lung involved in lung repair and
homeostasis (31–33). The authors showed
that lung injury activates the BMP4 (Bone
Morphogenic Protein 4) pathway in lung
ECs, which induces the activation of the
transcription factor NFATC1 (Nuclear
Factor of Activated T Cells 1), resulting in
the upregulation and secretion of endothelial-
derived Tsp1 (thrombospondin-1). Tsp1, in

Figure 2. Angiocrine factors in lung regeneration and repair. Pulmonary capillary ECs secrete a plethora of endothelial-derived soluble factors,
known as angiocrine factors, in the extracellular environment. These endothelial-derived soluble molecules, such as Tsp-1 (thrombospondin-1),
MMP-14 (matrix metalloproteinase-14), Rspondin3, and nitric oxide, target neighboring bronchioalveolar stem cells, interstitial macrophages, and
fibroblasts to promote lung repair and regeneration in response to injury. NO=nitric oxide
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turn, signals to BASCs to promote their
differentiation into epithelial cells of
alveolar lineage. The authors then sought
to investigate whether this effect was
organ-specific, and therefore unique to
the pulmonary vasculature, or could be
broadly elicited by ECs from other vascular
beds. Interestingly, they demonstrated that
BASC differentiation was dependent on
pulmonary ECs, as ECs from the liver were
not able to support this process, thus
reinforcing the concept that different organ
ECs produce angiocrine factors to perform
organ-specific activities (33).

To assess the contribution of the
pulmonary vasculature in the context of
alveolar regeneration, Ding and colleagues
employed the mouse model of unilateral
pneumonectomy (PNX), which is widely
used to study mechanisms of compensatory
lung growth (2, 34). The authors
demonstrated that the activation of VEGFR2
(vascular endothelial growth factor receptor
2) and FGFR2 (Fibroblast Growth Factor
Receptor 2) in pulmonary capillary ECs leads
to the secretion of MT1-MMP/MMP14
(membrane-type 1 matrix metalloproteinase)
(2). Endothelial-derivedMMP14 cleaves the
EGF-like ectodomain on EGFR (Epidermal
Growth Factor Receptor) on alveolar
progenitor cells, leading to its autoactivation
and stimulation of epithelial cell proliferation
and alveolarization (2). In an effort to find
additional mechanisms underlying activation
of pulmonary capillary ECs and secretion of
MMP14, Ding and colleagues also discovered
that, after PNX, platelets become activated
and secrete SDF1 (stromal cell–derived
factor 1). SDF1 in turn stimulates CXCR4
(C-X-CMotif Chemokine Receptor 4) and
CXCR7 (C-X-C Chemokine Receptor Type
7) on pulmonary capillary ECs, leading to
secretion of MMP14 and alveolar epithelial
cell proliferation (35).

In addition to interacting with lung cells
of the epithelial lineage, lung ECs also
establish intimate contact with lung-resident
macrophages and can regulate their
functions (36, 37). Although functional
interactions between ECs and macrophages
have been reported in other organs (38, 39),
the contribution of this cellular cross-talk in
lung homeostasis and disease remains largely
unknown. In a recent study, Zhou and
colleagues shed some light on the interaction
of lung ECs with macrophages in the setting
of inflammatory injury. With a series of
elegant experiments, they demonstrated that
pulmonary ECs secrete theWnt signaling

activator Rspondin3, which in turn activates
b-catenin in interstitial macrophages,
resulting in their reprogramming toward
an antiinflammatory phenotype that
promotes resolution of inflammation and
lung repair (40). These findings laid the
foundation for future work aimed at
identifying endothelial signals that play
a role in immune cell polarization and
inflammation with the goal of further
expanding our knowledge of EC-mediated
paracrine communication in the context of
lung fibrosis resolution.

Besides the secretion of endothelial-
derived proreparative factors active on the
lung microenvironment, the process of
vascular regeneration itself is also critical
for overall lung regeneration (41). In
this respect, Mammoto and colleagues
investigated the contribution of the
mechanical environment to lung vascular
regeneration. They demonstrated that the
activation of the endothelial YAP1 (Yes
Associated Protein), a transcriptional
cofactor and mechanoregulator downstream
of the Hippo pathway, modulates the
compensatory growth after PNX in mice
through the activation of the Tie2 signaling
pathway in lung ECs (42). Loss of
endothelial YAP1 inhibited vascular and
alveolar morphogenesis, thereby affecting
compensatory lung growth, further
demonstrating the role of mechano-derived
endothelial signaling in vascular remodeling
during lung regeneration (42). Intriguingly,
the function of YAP and its coactivator
TAZ have been largely studied in lung
fibroblasts, in which the YAP/TAZ
signaling pathway contributes to their
conversion to synthetic and contractile
myofibroblasts in response to fibrogenic
stimuli (8, 43, 44). Given the divergent
outcomes of activated YAP signaling
in different lung cell types, further
investigations aimed at understanding the
cross-talk of YAP with other signaling
pathways in lung ECs would be critical
to better define the regenerative and
pathogenic functions of this transcriptional
regulator.

Altogether, these studies shed light on
the important role of pulmonary ECs in
driving lung repair and regeneration. This
effect can be mediated by endothelial-derived
paracrine factors with proreparative effects
on neighboring cells, or it can be dependent
on the vascular regeneration itself, which
raises the possibility of harnessing these
endothelial mechanisms to develop

therapeutics to promote lung-reparative
responses to injury.

The Pulmonary Vasculature in
Lung Fibrosis

IPF is characterized by the histologic pattern
of usual interstitial pneumonia, a spatially
heterogeneous mix of normal lung tissue,
patchy fibrosis, and aggregates of collagen-
producing fibroblasts (i.e., fibroblastic foci)
(45). Vascular abnormalities, including vessel
dilation and capillary rarefaction, have been
observed in IPF lungs (3,46–50). Although
these vascular abnormalities have been well
documented, whether they are important
drivers of disease progression still remains
debated.

The first study reporting vascular
alterations in lungs of patients with IPF was
reported in 1963 by Turner-Warwick, who
used a microradiographic technique to study
vascular anastomosis between the bronchial
and the pulmonary systemic circulation in
fibrotic human lungs. This study revealed
that, in the large majority of fibrotic lungs,
the bronchial vasculature expanded to form
an extensive network of vessels throughout
the lungs, forming anastomoses (i.e.,
connections between vascular structures that
are originally separated) with the pulmonary
systemic microvasculature (51). Subsequent
studies reporting vascular abnormalities in
IPF have led to controversial theories
regarding the potential contribution of the
lung endothelium to the pathogenesis of IPF,
with some studies supporting an increased
number of vessels (52, 53) and others
reporting reduced vascularization in IPF
lungs (49, 50). More recent evidence
suggested that these seemingly divergent
pathologic features may be due to the
histological heterogeneity of this disease. In
fact, independent studies demonstrated high
capillary density in nonfibrotic areas of IPF
lungs and reduced numbers of capillaries in
areas of active fibrosis, especially in those
surrounding fibroblastic foci, which lack
blood vessels (49, 52). In addition to the
heterogeneous capillary remodeling, other
vascular abnormalities accompany IPF
progression, such as increased vascular
permeability and altered pulmonary vascular
volume (46, 48, 54). In this regard, a recent
imaging study reported a direct correlation
between reduced small-vessel volume and
increased risk of developing ILDs, suggesting
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that alterations of the pulmonary vasculature
may represent an early indicator of
vasculopathy-associated ILD (55).

Our recent study reporting histological
and transcriptional abnormalities in a
subpopulation of lung capillary ECs, the
gCap ECs, in fibrotic aged mouse lungs as
well as in IPF lungs further supports the
hypothesis that limited vascular regeneration
in IPF lungs may be directly responsible for
the fibrosis progression in patients with
IPF (56).

Vascular Remodeling in
Fibrotic Lungs
Although ECs rarely proliferate and are
largely quiescent, they can respond to
stressful conditions such as tissue injury and
inflammation by coordinating a series of
events leading to angiogenesis, the formation
of new blood vessels starting from preexisting
ones. This process is tightly regulated by a
fine balance between angiogenic and
angiostatic factors that can promote or
inhibit angiogenesis, respectively (57).

Because lung angiogenesis is difficult to
capture using imaging methods, and
longitudinal studies documenting the onset
of fibrosis are limited, investigating lung
vascular remodeling during the progression
of IPF is challenging. Thus, several studies
have indirectly investigated angiogenesis in
IPF lungs by measuring angiogenic and
angiostatic factors released in the blood or
by assessing the presence of these factors in
bronchoalveolar lavage (BAL) fluid as well
as in lung biopsies of patients with IPF.
Circulating levels of the angiogenic factor
VEGF were reported to be increased in the
serum of patients with IPF with advanced
disease (58). However, another study
reported a different trend, with high levels of
VEGF in patients with IPF exhibiting slow
disease progression (59), suggesting that
assessing circulating VEGF in IPF may not
be a reliable approach to predicting lung
vascular remodeling and disease progression.
Cosgrove and colleagues assessed the levels
of the angiogenic factor VEGF and the
angiostatic factor PEDF (pigment
epithelium–derived factor) in IPF lungs and
found increased PEDF and reduced VEGF
levels within the fibroblastic foci of IPF lungs
as well as in BAL fluid of patients with IPF
(60). These latter findings were also
confirmed by other studies showing the same
trend of PEDF and VEGF levels in the BAL
fluid of patients with IPF (61, 62). These
divergent results suggest that the

contribution of VEGF to IPF progression
remains largely unclear. Future studies
addressing the implications of VEGF
signaling on the pulmonary vasculature and
fibrosis overall will be of great translational
value, particularly considering that
nintedanib, a U.S. Food and Drug
Administration–approved therapeutic agent
for the treatment of IPF, targets the kinase
activity of VEGFR2, the receptor of VEGF
(63). Although data from in vitro and in vivo
studies have demonstrated that nintedanib
interferes with fibroblast proliferation and
secretion of extracellular matrix proteins by
inhibiting multiple signaling pathways,
including PDGF and FGF signaling
pathways (64), the contribution of inhibition
of VEGF signaling to the overall antifibrotic
effect of nintedanib is not fully elucidated.

Several studies showed that
angiopoietin-1 (Ang-1) and angiopoietin-2
(Ang-2), two critical regulators of endothelial
quiescence and vascular stability, are
abnormally expressed in IPF lungs. Ang-1 is
best known to promote endothelial survival
and vascular maturation, whereas Ang-2
antagonizes the activity of Ang-1 and
induces vascular destabilization (65), which
can result in inhibition or stimulation of
angiogenesis depending on VEGF
availability. Margaritopoulos and colleagues
demonstrated reduced Ang-1 and increased
Ang-2 protein levels in BAL fluid from
patients with IPF (66), which would be an
indicator of poor vascular stability and
maturation in IPF lungs. In another study,
Uehara and colleagues found a strong
reduction of Ang-1 levels in the serum of
patients with IPF; however, they found no
difference in the levels of Ang-2 in these
patients compared with healthy individuals.
Intriguingly, this study also reported that,
based on Ang-2 levels, patients with IPF
exhibiting high Ang-2 levels had worse
lung function and poorer prognosis
compared with those with moderate Ang-2
expression (67).

Aberrant vascular remodeling in
patients with IPF may also lead to abnormal
changes in pulmonary arteries, resulting in
pulmonary hypertension (PH) (68), a
common comorbidity that contributes
significantly to morbidity andmortality in
IPF (69). As PH negatively impacts the
diffusing capacity for carbon monoxide (70),
an excessive reduction of this parameter in a
patient with IPFmay suggest concomitant
PH, thus supporting a link between aberrant
IPF-associated vascular remodeling and PH

development (70). In addition, a recent paper
by Yanagihara and colleagues showed
that the expression of BMPR2 (Bone
Morphogenetic Protein Receptor Type 2),
an endogenous inhibitor of TGF-b
(transforming growth factor-b) signaling
(71), was reduced in ECs and vascular
smooth muscle cells in the lungs of patients
with IPF and concomitant PH, resulting in
altered vascular–mesenchymal cross-talk and
profibrotic effects on fibroblasts (71).
Another IPF comorbidity with underlying
aberrant vascular remodeling is chronic
obstructive pulmonary disease (COPD) (72).
In patients with IPF-associated COPD, a
decreased number of pulmonary arteries,
increased wall thickness, and excessive elastin
deposition have been reported (73). These
vascular aberrations could also be critical for
the development of PH (73), suggesting that
targeting vascular abnormalities in IPF lungs
may have a positive impact and limit disease
progression in these patients.

During the past decade, mouse models
of lung fibrogenesis induced via intratracheal
injection of bleomycin have been employed
in several laboratories to gain mechanistic
insights into the contribution of vascular
remodeling to lung fibrosis progression. Two
independent studies investigated the role of
VEGF signaling during bleomycin-induced
lung fibrosis by inhibiting this pathway using
a VEGFA neutralizing antibody (CBO-P11)
(74) or a VEGFR inhibitor (SU5416) (75).
Both studies reported reduced lung collagen
deposition and proinflammatory markers in
mice treated with these inhibitors, suggesting
that, during the acute phase after injury,
angiogenic signals and vascular remodeling
are essential to the inflammatory and
fibrogenic response of the lung. However,
other studies showed that VEGF signaling
exerts beneficial effects during bleomycin-
induced lung fibrosis. In one study, Murray
and colleagues showed that lung-specific
overexpression ofVegfa in epithelial cells
reduced mortality and lung fibrosis after
bleomycin challenge in mice and that this
protective effect was mediated by the
endothelium (59). The authors showed that
epithelial-derived VEGF induces secretion of
endothelial-derived thrombospondin 1, a
soluble molecule that was previously shown
to induce differentiation of BASCs (33),
which in turn exerts antiapoptotic effects on
the lung epithelium. In another study,
Stockmann and colleagues used a transgenic
mouse model to delete Vegfa frommyeloid
cells and showed increased collagen
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deposition and reduced neovascularization
in mutant animals challenged with
bleomycin (76).

Interestingly, recent studies have shown
that AT1 cells secrete high levels of VEGF to
support Car4-high EC survival and function
under physiological conditions (18, 24),
suggesting that other proangiogenic factors
beyond or in addition to VEGFmay be
responsible for angiogenesis in response to
injury. Indeed, many inflammatory
cytokines, including TNF-a, have the ability
to stimulate angiogenesis (77, 78) so the
neoformed vessels can deliver oxygen and
nutrients to the site of injury, remove
catabolites, and deploy proreparative
angiocrine factors, contributing to the
restoration of homeostatic functions.
Altogether, these studies reflect the
complexity of pathways and cellular cross-
talk involved in lung vascular remodeling
after injury. Additional research work is
needed to conclusively determine the
contribution of the pulmonary vasculature
to lung remodeling, not only in fibrotic
areas but also in those not yet affected by
excessive matrix deposition. In addition,
investigating whether hypoxia and/or other
pathogenic cues could influence VEGF
signaling and promote aberrant angiogenesis
may provide further insights into the
involvement of this angiogenic pathway

in the pathogenesis of pulmonary fibrosis, as
well as in the mechanisms of action of
nintedanib.

Even though the single-dose bleomycin
model of fibrosis provided critical insights
into the lung repair process in response to
injury, it does not recapitulate the human
disease, in which fibrosis is progressive.
Mouse models of persistent lung fibrosis,
including bleomycin delivery in aged mice
and repetitive bleomycin doses in young
mice (3,79–82), have been used in multiple
laboratories, including our own, to study
pathogenic vascular mechanisms associated
with impaired resolution and progressive
lung fibrogenesis.

In an attempt to identify endothelial
pathways that promote lung repair following
injury, Cao and colleagues compared
vascular responses to a single dose of
bleomycin versus repetitive doses of
bleomycin (79). They discovered that the
endothelial chemokine receptor CXCR7
plays a critical role in promoting epithelial
repair and in ameliorating fibrosis following
a single dose of bleomycin. Interestingly, this
endothelial reparative mechanism failed
when repetitive doses of bleomycin were
delivered to the mouse lungs, causing
repression of CXCR7 and upregulation of
the Notch ligand Jagged1 in ECs. Secreted
Jagged1 then activates the profibrotic Notch

pathway in fibroblasts, enhancing lung
fibrosis (79) (Figure 3).

More recently, we demonstrated that
bleomycin-induced lung fibrosis in aged
mice recapitulates fibrogenic and vascular
features of IPF lungs, including
myofibroblast accumulation and extensive
vascular rarefaction in fibrotic areas (3).
Additional studies revealed that the young
pulmonary vasculature responds to injury,
increasing chromatin accessibility and
activating transcriptional programs, leading
to vascular repair and fibrosis resolution,
whereas the aged lung endothelium fails to
activate these programs, resulting in vascular
rarefaction and sustained fibrosis. Further
studies identified the ETS (endothelial
transcription factor)–related gene ERG as an
orchestrator of endothelial chromatin
remodeling and transcriptional activity in
response to injury. Intriguingly, mice lacking
endothelial ERG fail to properly respond to
bleomycin injury, resulting in unresolved
fibrosis, as seen in aged mice and human IPF
lungs (56). Of note, scRNA-seq analysis
performed on uninjured lungs from wild-
type and endothelial-specific ERG-knockout
mice revealed a reduction of gCap ECs in
lungs lacking endothelial ERG, recapitulating
vascular abnormalities observed in IPF
lungs (56).

In summary, these studies
demonstrated that perturbations of the
pulmonary vasculature combined with acute
lung injury led to disrepair and progressive
fibrosis. These observations suggest that the
limited vascular regeneration and increased
deterioration of the pulmonary vasculature
with aging may represent a predisposing
factor for the progression of fibrosis,
especially in those individuals who are
chronically exposed to lung injury resulting
from detrimental environmental cues such as
cigarette smoke. Future studies aimed at
restoring endothelial-specific programs to
facilitate vascular regeneration in elderly
patients with progressive lung fibrosis may
provide potential therapeutic utility to slow
the progression of this disease.

Vascular Leakage in Lung Fibrosis
Vascular leak is associated with tissue
inflammation, and its transient increase
following injury is necessary for the
recruitment of inflammatory cells to the
injured area and for the extravasation of
clotting factors, which provide a provisional
fibrin scaffold to reestablish tissue
homeostasis (83). Failure to restore a

Figure 3. Vascular alterations in the fibrotic lung. Fibrotic lungs manifest several vascular
alterations, including endothelial transcriptional alterations, increased vascular permeability,
intraalveolar accumulation of fibrin, and secretion of endothelial-derived paracrine factors with
profibrotic effects on neighboring fibroblasts. EndMT=endothelial-to-mesenchymal transition.
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functional vascular barrier following injury
leads to vascular leakage, which perpetuates
tissue inflammation and fibrosis (84, 85).

The first studies reporting an altered
alveolar–capillary barrier in the lungs
of patients with pulmonary fibrosis
were conducted by measuring lung
clearance of a radiolabeled molecule,
[99mTc]diethylenetriamine pentaacetate, as
an approach to evaluate vascular permeability
(86, 87). These studies showed that the
clearance rate of [99mTc]diethylenetriamine
pentaacetate was shorter in patients with IPF
than in normal subjects, and this alteration
was often observed in patients with IPF
exhibiting a fast disease progression (86, 87).
Another study investigated alveolar–capillary
permeability in IPF lungs by assessing the
protein permeability index, calculated as the
ratio of total proteins in BAL fluid versus
total proteins in the plasma (88). Using this
approach, the authors confirmed previous
studies and found that increased lung
vascular permeability was associated with
reduced survival in patients with IPF (88).
Intriguingly, by using advanced magnetic
resonance in combination with a radiolabeled
contrast agent that binds reversibly to serum
albumin, Montesi and colleagues (89) were
able to show that vascular leak in IPF lungs
was not limited to fibrotic regions, but was
also observed in radiographically normal
areas (89), suggesting that increased vascular
permeability may be an event that precedes
the onset of fibrosis and can directly
contribute to disease progression.

Early pioneering work conducted in
mice provided useful information regarding
the contribution of pulmonary vascular leak
to fibrosis progression. Numerous
mechanistic studies have elucidated the
function of cytoskeleton-associated proteins
in endothelial barrier perturbations during
bleomycin-induced lung fibrosis. For
example, activation of ROCK1 (Rho-
associated coiled-coil–forming protein
kinase-1) and ROCK2 following lung injury
was shown to promote cytoskeleton
remodeling and vascular leak (90), and
inhibition of ROCK signaling via
pharmacological or genetic approaches has
been shown to inhibit vascular leak and
prevent the development of lung fibrosis
(90–92). Additional studies also showed that
fibrosis resolution was significantly
enhanced, and vascular permeability reduced
when ROCK signaling was inhibited during
the peak of fibrosis (90–92).

In a recent work, Knipe and colleagues
explored another pathway implicated in
endothelial permeability, the S1P
(sphingosine-1-phosphate)–mediated signal-
ing pathway (93). In this elegant work, the
authors demonstrated that mice lacking
S1PR1 (S1P receptor), from the endothelium,
exhibited increased pulmonary vascular
permeability in the absence of injury, and
bleomycin administration to the lungs of
these mice led to exacerbated lung fibrosis,
suggesting that preserving pulmonary
endothelial barrier integrity is critical to limit
fibrogenic responses following lung injury
(93). In the same study, the authors also
employed a preventive approach to test
whether enhancing S1P signaling is
protective. Surprisingly, transgenic mice
overexpressing the S1P chaperone protein
apolipoprotein M (ApoMTg1 mice), which
had increased circulating S1P, did not show
protective effects after bleomycin-induced
lung fibrosis (93), suggesting that adaptative
mechanisms may emerge to shield the
pulmonary endothelium from excessive S1P
signaling.

Given the role of S1P in angiogenesis
(94), it would be interesting to assess
whether loss of endothelial S1P during the
onset of lung fibrosis affects endothelial
growth and overall lung capillary density.
Future studies would be needed to further
dissect this pathway and its regulatory
mechanisms during vascular repair and
fibrosis.

In line with this study, we also recently
found that lung endothelial integrity is
essential to maintain an efficient vascular
barrier. Indeed, vascular permeability is
markedly increased in mice lacking
endothelial ERG compared with wild-type
mice in the absence of injury.
Cytofluorimetric and histological analyses of
ERG-knockout mouse lungs, compared with
wild-type lungs, demonstrated increased
neutrophil infiltration, aberrant perivascular
remodeling, and red blood cell extravasation
as consequences of the vascular leakage
observed in ERG-knockout mice (56).
Similarly to the mice lacking endothelial
S1PR1, mice lacking endothelial ERG
manifested exacerbated lung fibrosis after
exposure to bleomycin (56), further
indicating that pulmonary endothelial
dysfunction plays a role in sustaining
pathogenic mechanisms of myofibroblast
activation, thus preventing lung fibrosis
resolution.

As a result of the increased vascular
permeability, several plasma proteins,
including fibrinogen, leak into the alveoli and
accumulate over time if not properly
removed, causing inflammation and tissue
damage (Figure 3). Extravascular fibrinogen
is rapidly converted into fibrin by thrombin
to form a provisional matrix that facilitates
tissue repair (95). When the injury has
resolved, fibrin is degraded by plasmin, a
plasminogen-derived enzyme that is
proteolytically activated by two serine
proteases, tissue plasminogen activator and
urokinase. The activity of these two proteases
is tightly controlled by specific inhibitors
(96), including plasminogen activator
inhibitor-1 (PAI-1) and a2-antiplasmin.
Interestingly, lungs of patients with IPF
exhibit increased levels of PAI-1 and a2-
antiplasmin, suggesting that limited plasmin
activity in these pathogenic lungs may lead to
reduced fibrinolysis, fibrin accumulation in
the alveolar space, and inflammation (97). In
another study, Shea and colleagues
demonstrated an alternative pathway
through which increased vascular
permeability may cause lung fibrosis. The
authors used a mouse model of lung fibrosis
induced by a combination of a low dose of
bleomycin and a nonselective S1PR
modulator as an endothelial-disrupting
agent. In this work, the authors
demonstrated that vascular leakage promotes
the development of lung fibrosis through
increased profibrotic thrombin/PAR1
(proteinase-activated receptor 1)/avb6/
TGF-b axis (98). Intriguingly, this effect
was abrogated by the thrombin inhibitor
dabigatran, suggesting that the activation of
this pathway, and the subsequent fibrosis, is
dependent on this enzyme (98). Altogether,
these studies indicate that pulmonary
vascular leak creates profibrotic milieus that
facilitate the progression of lung fibrosis and
that limiting vascular leakage in IPF lungs
may be resolutive for fibrosis.

Endothelial Transcriptional
Alterations and Their Implications in
the Fibrotic Lung
Cellular identity is critical to support and
maintain organ-specific functions (99).
Different organs have distinct cell repertoires
to achieve specific tasks, which are
maintained by epigenetic and transcriptional
programs in different lung cell types (100).
Alterations of these cell identity programs
often lead to disrupted organ homeostasis
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and to the development of a broad range
of human diseases (100). The vascular
endothelium exhibits remarkable
transcriptional plasticity to adapt to different
tissue requirements under physiological and
pathological conditions (101). For example,
when exposed to stressful stimuli, ECs have
been reported to undergo endothelial-to-
mesenchymal transition (EndMT), a
biological process in which ECs partially lose
their endothelial lineage markers and acquire
mesenchyme-like features (102). Although
EndMT plays an important physiologic role
during embryogenesis (103), it has also been
implicated in the progression of numerous
human diseases, including cancer,
atherosclerosis, hypertension, and fibrosis
(104–107).

Previous studies in mice, including our
own, have shown that ECs acquire
mesenchymal features, including collagen-I
and fibronectin expression, during
experimentally induced lung fibrosis (3, 108,
109). Studies in humans, including those
reported in a recent paper by Gaikwad and
colleagues, showed an increased expression
of mesenchymal markers, including
N-cadherin, A100A4, and vimentin, in ECs
of vessels of IPF lungs (70, 110), suggesting
that this phenomenonmay have adverse
consequences in human disease.

A recent study by Martin and colleagues
explored the contribution of dysfunctional
ECs to the overall collagen deposition in the
fibrotic lung (19). By carrying out lineage
tracing studies in combination with imaging
analysis, the authors demonstrated that lung
ECs only partially undergo EndMT and do
not fully differentiate into mesenchymal cells
or migrate into the interstitial space, further
supporting the concept that ECs are not the
major source of myofibroblasts during
bleomycin-induced lung fibrosis and that
other factors associated with endothelial
dysfunction may contribute to aggravate
fibrosis (19). Additional work showed that
the endothelial transcription factor SREBP2
(sterol regulatory element–binding protein 2),
a potent driver of EndMT and endothelial
dysfunction in the lung, is implicated in the
release of proinflammatory cytokines with
profibrotic and proliferative effects on lung-
resident fibroblasts (19) (Figure 3). In line
with these observations, our recent data
show that lung endothelial dysfunction and
transcriptional alterations caused by a lack
of the endothelial transcription factor ERG
lead to the release of proinflammatory and
profibrotic factors, including PAI-1, CTGF,

and Collagen Ia1, enhancing lung fibroblast
activation in vitro (56) (Figure 3). These
findings are also shown in vivo using scRNA-
seq in lungs of wild-type and endothelial
ERG-knockout mice in the absence of injury.
Intriguingly, lack of endothelial ERG alone
led to increased expression of myofibroblast
markers in lung fibroblasts from knockout
mice and increased expression of fibrogenic
markers in lung immune cells from knockout
mice (56), reinforcing the concept that the
pulmonary vasculature provides a tissue
niche that is a crucial regulator of the
phenotype and function of neighboring cells.

In a setting of persistent fibrosis, our
group has also found that, after a single
intratracheal dose of bleomycin, the lung
endothelium of aged mice acquires a
transcriptional signature resembling EndMT
(3). Following injury, aged lung ECs, but not
young lung ECs, exhibited increased
expression of mesenchymal and
inflammatory genes and reduced expression
of endothelial-specific genes (3). Among the
endothelial-specific genes, we found that the
expression ofNos3, encoding for endothelial
nitric oxide synthase 3, the enzyme that
produces soluble nitric oxide, was
upregulated in young lung ECs during the
early resolution phase after bleomycin injury,
but not in injured lung ECs from aged mice,
in whichNos3 gene expression was
repressed. These observations strongly
suggest that endothelial nitric oxide plays an
important role during lung fibrosis
resolution. Global deletion ofNos3 in mice
leads to lung endothelial dysfunction and
unresolved lung fibrosis following a single
dose of bleomycin (3), further supporting the
concept that lung ECs can sense and respond
to the surrounding pathogenic
microenvironment by secreting mediators
that can signal to activated fibroblasts to
promote their quiescence (3).

Endothelial transcriptional aberrations
are also observed in the lungs of patients with
IPF. Indeed, a recent study using scRNA-seq
on IPF and normal lungs revealed the
expansion of an ectopic endothelial
subpopulation in the distal lung parenchyma
of patients with IPF that was
transcriptionally indistinguishable from ECs
restricted to the bronchial vasculature in
normal lungs (referred as peribronchial
vascular ECs) (111). This population is
characterized by the expression of COL15A1,
encoding the a-chain of type XV collagen, an
extracellular matrix component primarily
located in the basement membrane of blood

vessels (112). Histological analyses revealed
that, in IPF lungs, peribronchial vascular
ECs are highly abundant in areas of
bronchiolization and fibrosis and are never
seen in the lung parenchyma within the
normal lung. Additional studies conducted
on healthy human lungs showed that pEVs
were characterized by the expression of
typical venous ECmarkers (25), revealing a
new scenario whereby the peribronchial vein
may acquire the ability to migrate and invade
the alveolar space during IPF. In addition,
the appearance of this ectopic EC population
in the distal lung of patients with IPF is
intriguing because it may be related to the
previous observation by Turner-Warwick,
who first described an expansion of the
systemic vasculature throughout the
lungs and the formation of anastomoses
between the systemic and the pulmonary
microvasculature of the distal lung in fibrotic
lungs (51).

Although many questions remain
regarding the mechanisms involved in
transcriptional states associated with
endothelial responses to lung injury,
mounting evidence suggests that
understanding how such changes relate to
cellular activation is critical to the
identification of endothelial cellular
programs promoting regenerative healing
versus fibrotic scarring to be harnessed as
potential therapeutic targets to treat lung
fibrosis.

Conclusions and
Perspectives

Recent investigations have established the
functional role of microvascular ECs in
organ repair and regeneration (28–30).
Studies focusing on the lung have
highlighted the importance of the alveolar
capillary vasculature in promoting repair and
regeneration of the injured lung tissue
through the release of paracrine factors active
on neighboring cells (2, 27, 35, 79). The use
of scRNA-seq technology has significantly
expanded our knowledge of lung endothelial
heterogeneity (18, 20, 24) and revealed the
presence of specialized lung capillary ECs
that perform distinct gas-exchange or
homeostatic and regenerative functions.
Future studies designed to identify lung
endothelial signaling pathways that
specifically promote capillary regeneration
and restore lung homeostasis would be of
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great interest in the context of diseases with
heterogeneous patterns such as IPF. Novel
therapeutic strategies aimed at boosting EC
function in lung areas that are not severely
compromised by ECM deposition could
represent an innovative tool to promote lung
repair and halt fibrosis progression.

As reviewed here, evidence frommouse
models of lung fibrosis and analysis of
human fibrotic lungs have revealed the
presence of multiple vascular alterations that
may contribute to sustaining profibrotic
stimuli in the fibrotic lung. These aberrations
include limited vascular regeneration,
capillary rarefaction, and disrupted
alveolar–vascular barrier with intraalveolar
leakage. The appearance of peribronchial
veins expressing COL15A1 in the alveolar
space of the distal lung raises questions
regarding the contribution of ECs with a
venous origin to disease progression.
Although this observation resembles the
known phenomenon of cellular
proximalization of the distal lung, which has
been previously described (111), whether this
phenomenon could be attributed to
transcriptional changes of the distal lung
capillary ECs or the invasion of peribronchial
ECs into the alveolar space represents an

intriguing future avenue of investigation.
Furthermore, the development of novel
mouse models to lineage-trace different EC
populations, including venous ECs, during
the peak or the resolution of lung fibrosis is
paramount to shed new light on the origin
of, as well as the contribution of different EC
subtypes to, lung scarring.

Studies conducted in mice highlighted
an important role for the pulmonary
vasculature in providing a niche
orchestrating lung repair and fibrosis
resolution after injury. Whereas healthy
pulmonary ECs secrete paracrine factors that
are able to restrain fibroblast activation,
dysfunctional ECs secrete paracrine factors
with proinflammatory and profibrotic
activities influencing neighboring cells,
suggesting that endothelial dysfunction alone
may act as a predisposing factor for
progressive lung fibrosis.

These studies aimed at elucidating the
relationship between endothelial
dysfunction and promotion of lung fibrosis
may also contribute to our understanding
of the mechanisms behind the development
of lung fibrosis in subjects with previously
severe coronavirus disease (COVID-19) due
to severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2) infection
(113, 114). Indeed, endothelial dysfunction,
including EndMT (115, 116), coagulation
abnormalities, and vasculopathy, are
hallmarks of COVID-19 (117), and ongoing
studies conducted in patients who
recovered from COVID-19 predicted a
high rate of patients in whom interstitial
lung abnormalities will develop over
time (114).

In conclusion, these studies shed new
light on the role of pulmonary ECs in the
pathogenesis and progression of lung
fibrosis, shifting their role from a bystander
to an active driver of fibrosis, and suggest
that endothelial-targeted therapeutic
strategies to limit or resolve vascular
alterations of the fibrotic lung will be
paramount to allow resolution of tissue
injury or prevention of chronic and
degenerative fibrosis.�
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